A search for events with an imbalance in transverse momentum and with isolated high energy leptons has been carried out at the positron-proton collider HERA. One event with an e − and five events with a µ ± are found together with evidence for undetected particles carrying transverse momentum. Within the Standard Model the dominant origin of events with this kind of topology is the production of W bosons with subsequent leptonic decay. Three of the six events are within measurement errors found in a region of phase space likely to be populated by this process, while the remaining events show kinematic properties which are atypical of all Standard Model processes considered.
Introduction
At the HERA collider the study of rare topologies in the final state of electron 1 -proton interactions provides a unique possibility to search for new phenomena. In this paper, a search for events with an imbalance in transverse momentum and isolated high energy leptons is reported. In 1994 the first event with such a signature (e + p → µ + X) was observed [1, 2] in the H1 detector. Within the Standard Model (SM), such topologies are expected mainly from the production of W bosons with subsequent leptonic decay. A significant excess of events compared to SM expectations might reflect anomalous electroweak three-boson couplings [3] , or production of new particles as expected for example in supersymmetric extensions of the SM [4] .
The present analysis is based on positron (27.5 GeV) -proton (820 GeV) collisions recorded by the H1 experiment between 1994 and 1997. The total integrated luminosity is 36.5 ± 1.1 pb −1 , an order of magnitude higher than in the earlier studies cited above.
Data Analysis

Experimental Conditions
A detailed description of the H1 detector can be found in [5] . Here we only summarize those properties of components essential for this analysis 2 .
A central tracker consisting of drift chambers is used to measure the charged particle trajectories and to determine the interaction vertex. Particle transverse momenta are determined from the curvature of the trajectories in a magnetic field of 1.15 Tesla.
Electromagnetic and hadronic final state particles are absorbed in a highly segmented liquid argon calorimeter [6] covering the polar angular range 4 • < θ < 153 • . The calorimeter is 5 to 8 interaction lengths deep depending on the polar angle of the particle. Electromagnetic shower energies are measured with a precision of σ(E)/E = 12%/ E/GeV ⊕ 1% and hadronic shower energies with σ(E)/E = 50%/ E/GeV ⊕ 2% [7] using software-based energy weighting techniques. The absolute energies are known to 3% and 4% respectively. The liquid argon calorimeter is complemented in the backward region by a lead/scintillating-fibre calorimeter 3 [8] covering the range 155 • < θ < 178 • , and by positron and photon taggers located downstream of the interaction point in the positron beam direction.
The calorimeter is surrounded by a superconducting coil and an iron yoke instrumented with streamer tubes. Leakage of hadronic showers outside the calorimeter is measured by the analogue charge sampling of the streamer tubes (Tail Catcher) with a resolution of σ(E)/E = 100%/ E/GeV . Tracks of penetrating charged particles, such as muons, escaping the calorimeter are reconstructed from their hit pattern in the streamer tubes with an efficiency greater than 80%.
The trigger condition for interactions involving high transverse energy is derived from the liquid argon calorimeter signals. The trigger efficiency is greater than 95% for events with a scattered electron which has energy above 10 GeV, and greater than 85% for events with a calorimetric missing transverse momentum which is greater than 25 GeV.
Event Selection
The selection procedure uses methods developed in the framework of H1 Charged Current (CC) analyses [9] . A search for an imbalance in transverse momentum with isolated high energy leptons is based on two independent requirements:
• The calorimetric missing transverse momentum, P calo T , must be greater than 25 GeV. P calo T is defined as the transverse component of the vector sum of all energy deposits recorded in the liquid argon calorimeter and the tail catcher. The cut value of 25 GeV is chosen to minimize contributions from Neutral Current (NC) deep-inelastic scattering (DIS), photoproduction and photon-photon processes, as well as from non-ep background.
• There must be at least one well measured central track with a polar angle greater than 10 • and a transverse momentum greater than 10 GeV.
The cut value of 10 GeV is designed to minimize the contribution from semi-leptonic decays of heavy mesons. Tracks fulfilling the above requirements are referred to as high-P T tracks in the following.
Non-ep events due to cosmic muons, halo muons or beam-gas interactions are removed by using a set of topological and timing requirements [9] and by demanding a reconstructed vertex in the ep interaction region. Residual NC events with energy loss in the calorimeter cracks or in the beam-pipe are eliminated by excluding events with an identified scattered positron under the following conditions: either the positron is balanced by the hadronic system in azimuth within ∆φ = 5 • , or the longitudinal momentum balance results in δ > 45 GeV. Here δ = E i (1 − cos θ i ), where E i and θ i denote the energy and polar angle of each detected final state particle. For an event where only longitudinal momentum along the proton direction (proton-remnant region) is undetected, one expects δ = 2E e = 55 GeV, where E e is the energy of the incident positron.
The resulting event sample consists of 124 events. It will be referred to as the inclusive sample in the following.
Within the inclusive sample the isolation of high-P T tracks with respect to jets or other tracks in the event is quantified using:
• Their distance D jet to the closest hadron jet in the pseudorapidity-azimuth plane η − φ, defined by
For this purpose jets are reconstructed using a cone algorithm [10] with R = 1 and E min T = 5 GeV. The hadronic nature of a jet is ensured by requiring the fraction of the total jet energy deposited in the electromagnetic calorimeter to be smaller than 0.9 and the jet radius to be larger than 0.1. The jet radius is defined in the η − φ plane as the energy-weighted average distance to the jet axis of all jet components.
• Their distance D track to the closest track in η − φ, defined in the same way as D jet . Here all tracks fitted to the interaction vertex with a polar angle greater than 5 • are considered.
In all of the 124 events at least one hadron jet is found. Figure 1 shows the correlation between D track and D jet for the high-P T tracks in the inclusive event sample. In most cases the high-P T tracks are not isolated. This is expected, since the bulk of events are CC interactions with the high-P T track located within or close to the hadronic shower. However, six high-P T tracks are found in a region well separated from all other charged tracks and from hadron jets. They belong to six events each with one single isolated high-P T charged particle.
The nature of the six isolated high-P T particles is investigated by applying the following lepton identification criteria:
• Electron candidate: A calorimetric energy deposit larger than 5 GeV, with more than 90% of the energy located in the electromagnetic part of the liquid argon calorimeter, has to match geometrically the track.
• Muon candidate: The central track extrapolation must have a total liquid argon energy smaller than 5 GeV in its vicinity, and it has to match geometrically an instrumented iron signal (muon system track or tail catcher energy deposit).
All six isolated high-P T particles fulfill one of the lepton identification criteria. One is an electron candidate and five are muon candidates.
In summary, after application of an inclusive selection procedure and lepton identification criteria, six events are found with calorimetric missing transverse momentum and an isolated high-P T lepton candidate, from which five are muon candidates and one is an electron candidate. No event is found with more than one high-P T lepton candidate. The six events are described in detail in the next section.
Event Properties
Hereafter the six events with lepton candidates are labelled ELECTRON and MUON-1 to -5. Their event displays are shown in figure 2.
Lepton Signatures
The electron candidate shows an isolated track measured in the central tracker with a specific ionization, dE/dx, compatible with the passage of a single particle. The track is linked to an energy deposit (E = 82 GeV, E T = 38 GeV) in the electromagnetic part of the calorimeter. The shower pattern is compatible with the expectation for a shower of electromagnetic origin. The measured curvature of the track is compatible with that expected for a negatively charged particle with a transverse momentum of P T = 38 GeV. The assignment of a positive charge is incompatible with the measurement at the level of 5 standard deviations.
In all five muon candidates the isolated track is measured in the central tracker, the calorimeter and the chambers of the instrumented iron system. For all tracks the specific ionization, as measured in the central tracker, is consistent with a single minimum ionizing particle traversing the chambers. The track is assigned a positive charge for MUON-1 and -2, and a negative charge for MUON-3 and -4. For MUON-5 the charge is undetermined. The central track is extrapolated through the calorimeter and the coil to the instrumented iron system, taking into account the effect of the magnetic field and the expected multiple scattering and energy loss in the material along the path. For all events the energy depositions in the calorimeter sampled over a path length of ≈ 7 interaction lengths are compatible in shape and magnitude with those expected for a minimum ionizing particle. In four of the five events the central track is linked successfully to a track reconstructed in the muon chambers. In event MUON-5 the instrumented iron signals line up with the extrapolated central track but are recorded near an edge of acceptance, preventing reconstruction of a track in the muon chambers.
The isolated muon candidates penetrate in total more than 14 interaction lengths in the calorimeter and the instrumented iron. In the momentum range of the muon candidates, the probability that an isolated charged hadron would simulate a muon both in the calorimeter and the instrumented iron is estimated to be < 3 · 10 −3 .
In summary the signals seen in the central tracker, the calorimeter and the instrumented iron system support the interpretation of the electron candidate and the 5 muon candidates as e − and µ ± , respectively.
Event Kinematics
In all events a shower with hadronic signature is recorded in the calorimeter. In event MUON-5 no charged particles are found to be correlated with the core of the high-P T hadronic jet. Event MUON-3 shows in addition to the high-P T muon a low-P T positron measured in the central tracker and the calorimeter. No signals are seen in the backward calorimeter, the positron or the photon taggers, apart from an energy deposition of 3 GeV registered for event MUON-4 at the edge of the acceptance in the innermost region of the backward calorimeter.
The event kinematics are quantified using the following variables:
• P ℓ T : Transverse momentum of the isolated lepton. It is calculated using the calorimetric information for electrons and the central tracker information for muons.
• P X T : Transverse momentum of the hadron system. P X T is defined as the transverse component of the vector sum of all energy deposits recorded in the liquid argon calorimeter and the tail catcher, except for those associated with isolated leptons (for MUON-3 both the isolated muon and positron are excluded from the system X).
• P X : Component of P X T parallel to the transverse direction of the isolated high-P T lepton.
• P X ⊥ : Component of P X T perpendicular to the transverse direction of the isolated high-P T lepton (the sign of P X ⊥ is defined along a y-axis such that P ℓ T , y, z form a right handed coordinate system).
• P X z : Longitudinal momentum of the hadron system.
• E X : Energy of the hadron system.
• P miss T : Missing total transverse momentum of the event. P miss
is defined from the vector sum of transverse momenta of all observed final states particles. The quantity P miss T is identical to P calo T unless the event contains isolated muons in the final state. Note that in the latter case the P calo T criterion in the inclusive selection does not automatically imply an imbalance in the total transverse momentum of the event.
• δ : event balance in longitudinal momentum as defined in section 2.2.
• M ℓν T = (P miss
high-P T lepton-neutrino transverse mass, where the measured missing transverse momentum P miss T is attributed to a hypothetical neutrino.
The determination of the global event variables P miss T , δ and M ℓν T relies on the measurement of the lepton and hadron kinematic variables. In all events the dead material and energy-weighting correction factors applied to the hadron system X in the reconstruction were checked to be compatible with the average corrections to NC hadron jets in the same P X T and polar angle domain. For the muon events the measurement of the high-P T muon track by the central tracker was checked using a sample of NC events, selected such that the positron traverses the same region of the chambers as the muons. In this sample the comparison of the positron track parameters with the calorimetric measurement shows no significant bias of the tracker response, and no smearing towards unphysically high transverse momentum values. In the domain under consideration the resolution of the track momentum is measured to be σ P T /P 2 T = 7×10 −3 GeV −1 , which is in the same range as the errors quoted for the muon tracks.
The kinematic parameters of the events are summarized in table 1.
For all events an imbalance in total transverse momentum, P miss T , is observed. This imbalance is ascribed to unobserved particles carrying away transverse momentum. Apart from the events MUON-4 > 54 *) Positron in MUON-3 : P e T = 6.7 ± 0.4 , P e = 6.1 ± 0.4, P e ⊥ = −2.8 ± 0.2 , P e z = −3.7 ± 0.2 Table 1 : Reconstructed event kinematics (see text). Energies, momenta and masses are given in GeV and angles in degrees. For the charge of the high-P T lepton the significance of the determination is given. In case of event MUON-5 2σ limits are quoted for the muon momentum and derived quantities.
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moderate precision resulting in large errors for P miss T and δ. Additional evidence for undetected particles carrying transverse momentum is provided by the acoplanarity observed in most events (table 1) between the high-P T lepton and the hadronic system X, quantified by ∆φ = arctan(P X ⊥ /P X ).
An imbalance in transverse momentum may be faked as a result of measurement uncertainties or high energy proton remnants lost in the beam pipe. In order to assess the significance of the observed imbalance in transverse momentum, we compare in figure 3 the correlation between ∆φ and P miss T for the six events under discussion with that measured in NC events, which are expected to be intrinsically coplanar and balanced in P T . In order to cover a similar kinematic region, NC events are selected with 10 • < θ e < 50 • , and, either P e T > 20 GeV and P X T > 5 GeV for comparison with the ELECTRON event, or P e T > 10 GeV and P X T > 25 GeV for comparison with the MUON events. In the latter case P miss T is computed using the positron track parameters instead of using the calorimetric information. When compared to the NC events, all candidates except MUON-1 have both high ∆φ and high P miss T . The probability for a NC event to have both ∆φ and P miss T values greater than those measured in a given candidate is determined from a high statistics simulation to 1% for MUON-1 and less than 0.1% for the other candidates.
Discussion
In the following we discuss processes within the SM which may yield events with missing transverse momentum and with an isolated high-P T lepton. The rates predicted for these processes are summarized in table 2.
Predictions for all processes considered are obtained by applying the selection procedure of section 2.2, by requiring a high-P T lepton with D track > 0.5 and D jet > 1, and by taking into account trigger efficiencies. Additional isolated leptons, if any, are identified using the same criteria as for the high-P T lepton but lowering the minimum P T to 1 GeV. The SM rates quoted do not include events with more than one isolated lepton of the same generation (lepton pair production) since this topology does not correspond to the topologies of the observed six events.
The Monte-Carlo simulations used for the predictions include a full simulation of the H1 detector response.
Standard Model Processes
• W Production: At parton level a lepton-neutrino pair can be produced via the reactions e + q → e + q ′ ℓν and e + q → νq ′ ℓν. The reaction e + q → e + q ′ ℓν dominates by a factor 20. Its Feynman graphs are shown in figure 4a -g. The main diagrams are those involving production of a W (e + q → e + W ± q ′ ) with subsequent leptonic decay W ± → ℓ ± ν (figure 4a-e). An additional source of W production is due to resolved photon interactions. Here the W is produced by fusion of a quark from the proton with a quark from a long-lived hadronic fluctuation of a photon emitted by the incident positron.
Positively and negatively charged W bosons contribute with similar rates. The expected total cross section is about 60 fb per charge state and leptonic decay channel [11] . The cross section rises towards low values of the transverse momentum P X T of the recoil hadron system X, and shows the Jacobian peak around the W mass in the spectrum of the lepton-neutrino transverse mass M ℓν T . The resolved photon contribution dominates at very low P X T . The cascade decay W → τ ν, τ → e, µ contributes ∼ 15% of the total accepted rates in the e and µ channels. The scattered positron is expected to be observed in the calorimeters (θ < 178 • ) in 25% of the events.
W production is studied quantitatively with the Monte-Carlo program EPVEC [11] , which includes all leading-order parton level diagrams for the reactions e + q → e + q ′ ℓν and e + q → νq ′ ℓν together with the resolved photon contribution. EPVEC is interfaced to the JETSET hadronization program [12] . The cross sections for the leading-order diagrams were checked independently [13] .
For the electron channel the acceptance of the selection procedure is 33%. For the muon channel it is only 10%, since here the cut in P calo T acts as a P X T cut. The rate estimates quoted in table 2 include the following systematic effects:
-the uncertainty in the proton structure function and the QCD scale at which it should be evaluated (a variation from 100 GeV 2 to 10000 GeV 2 was assumed).
-the uncertainty in the photon structure function entering the resolved photon contribution. Since this contribution favours low values of P X T only the prediction in the electron channel is affected.
-the uncertainty in the contribution from higher order QCD terms. This was estimated from the effect of including parton showers [14] prior to hadronization.
It should be emphasized that it is presently not known whether an exact computation of higher order QCD terms may change the prediction significantly.
• Z production (ep → eZX, Z → ℓ + ℓ − ): This process will only contribute significantly for the τ -channel and only in case that one τ decays leptonically and the other hadronically. The hadronic final states measured in the six events do not show characteristics of hadronic τ decays. In particular the observed charged particle multiplicities exceed those corresponding to the dominant τ decays (1 or 3 charged particles). The generator EPVEC [11] was used to estimate the expected rate from this channel.
• CC -DIS processes: These events are intrinsically unbalanced in transverse momentum due to the final state neutrino. An isolated lepton can only be produced due to fluctuations in the hadronic final state. The generator DJANGO [15] is used to simulate this contribution.
• NC -DIS processes: These events have intrinsically an isolated positron, but a significant P calo T can only be produced by fluctuations in the shower development and the detector response. The rate of these events is suppressed by the selection criteria on ∆φ and δ (see 2.2). The generator DJANGO [15] is used to simulate this contribution.
• Photoproduction processes: In this class, events with two jets of high transverse momenta could contribute if one jet is observed in the detector and the other jet fluctuates into a single isolated hadron which is identified as a lepton. Contributions are only expected in the muon channel since in the electron channel no significant P calo T is produced. A muon signature can be generated by a hadron when it either decays in flight into a muon or traverses the detector without hadronic interaction. The expected rate resulting from such a process has been derived from the measured rate of events showing a jet of high transverse momentum (P jet T > 25 GeV) recoiling against a single isolated hadron track of P T > 10 GeV. Folding this rate with the probability that a hadron is misidentified as a muon (see section 2.3) provides the contribution to our sample.
A special class of photoproduction processes is the production of a heavy quark pair. In particular bottom quarks may produce via semileptonic decays isolated leptons and (due to the escaping neutrino) a transverse momentum imbalance. The corresponding contribution is estimated using the generator AROMA [16] . Since preliminary measurements of H1 [17] indicate that the cross section for bottom production is too low in AROMA, we use for the rate estimate a fivefold increased cross section.
• Photon-photon interactions (γγ → ℓ + ℓ − ): Here we consider the interaction of a photon radiated from the positron with a photon radiated from the proton. For these processes one has to differenti-ate between e + e − , µ + µ − , τ + τ − production in either elastic (no visible hadron recoil) or inelastic processes.
Since the production of e + e − does not lead to significant P calo T this process does not contribute.
The production of µ + µ − contributes only when one muon of the pair remains undetected. The process contributes in two ways. Firstly, it can contribute to the e channel of our selection via elastic production. In this case the scattered e + is registered in the detector and causes the P calo T . The rate of these events is significantly suppressed by the selection cut on δ (see 2.2). Secondly, this process can contribute to the µ channel in our selection via inelastic production. Here the final state hadrons cause the P calo T . In both cases the events are expected to have only small P miss T . The muon which escapes detection in the beam pipe is emitted preferentially in the backward direction and thus it cannot carry a significant transverse momentum.
A small contribution to both electron and muon channels is due to elastic τ + τ − production with one τ decaying hadronically and the other one leptonically. Due to the small τ mass the decay particles are essentially collinear and the events are thus expected to have small values of P X ⊥ . In addition, as already mentioned for the Z contribution, the characteristics of the hadronic final state of the six events are inconsistent with this process.
The photon-photon processes are simulated with the LPAIR [18] generator. A test of this generator has been performed by analysing e + e − pair production. In this test, events are selected requiring at least two visible isolated electrons of opposite charge with P T greater than 10 GeV and 5 GeV respectively. The NC and QED Compton background processes are reduced to a negligible level by demanding in addition either that a third electron be visible in the detector, or that the highest P T electron be of negative charge and that δ < 45 GeV. In the high P T range under consideration 17 (quasi-)elastic events (P X T < 2 GeV) and 8 inelastic events (P X T > 2 GeV) are observed, compared to expectations of 16.9 and 3.5 respectively. In both elastic and inelastic channels the measured kinematic distributions are compatible with the predictions. With the limited statistics of the test sample in mind, the errors quoted in table 2 for the contribution of the photon-photon process conservatively allow the inelastic contribution to vary within a factor 2.
• Drell-Yan pairs from resolved photon-proton interactions (qq → ℓ + ℓ − ): Drell-Yan pairs have intrinsically low transverse momenta and thus cannot accommodate a hadronic system at high P X T . Therefore only τ + τ − pairs could contribute, when one τ decays leptonically and the other hadronically. In order to fullfil the P calo T cut the τ + τ − pair must have an invariant mass higher than 50 GeV. In this mass range the cross section extrapolated from fixed target measurements [19] is less than 0.1 fb, resulting in a negligible contribution.
• Halo muon from the proton beam: The proton beam in HERA is accompanied by a flux of halo muons generated by proton losses around the ring. The kinematics of the scattering of such a halo muon on a residual gas nucleon restricts the transverse momenta and δ to be below the values observed in the six events. Table 2 indicates that W production constitutes the largest contribution followed by the NC process (for e + events) and the photon-photon process (for µ ± events). All other processes considered contribute negligibly.
Comparison of event properties to SM expectation
The one e − event found is compatible in rate with the expectation from W production, while other processes contribute negligibly. In the µ channel the 5 events found have to be compared with an expectation of 0.8 ± 0.2 events, in which W production and photon-photon processes dominate. Table 2 : Observed and predicted event rates. The limits given correspond to 95% confidence level. Unless stated otherwise the quoted numbers refer to the summed production of both lepton charged states.
The measured kinematic parameters P X T and M ℓν T of the six events are compared in figure 5 with the distributions in these variables predicted for W production and photon-photon processes. As already discussed W events accumulate at M ℓν T values close to the W mass and at low or intermediate P X T values, whereas photon-photon events concentrate at both low P X T and low M ℓν T due to the intrinsic transverse momentum balance of this process.
In the ELECTRON and the MUON-3 events the hadronic recoil systems have relatively small transverse momenta P X T and the M ℓν T values show up in the Jacobian peak close to the W mass. If in the MUON-3 event the observed positron is identified with the scattered positron the invariant mass of the muon-neutrino system can be calculated. The result is M µν = 82 +19 −12 GeV in agreement with the W mass. Both these events show kinematic properties typical for W events.
Event MUON-5 also lies at moderate P X T and shows a transverse mass M ℓν T which, though measured at a high value, is compatible within 2 standard deviations with the W interpretation. Figure 5 shows that the other three muon events are found in regions of phase space where the predicted SM rate is low. Events MUON-2 and MUON-4 show large values of P X T , and event MUON-1 shows a small value of M ℓν T , both of which are unlikely to occur in the W or photon-photon interpretations.
Summary
In positron-proton scattering at HERA, events have been selected requiring an imbalance in calorimetric transverse momentum and the presence of a high-P T charged particle. While the majority of these events have topologies as expected from deep-inelastic charged current interactions, six events show the prominent signature of an isolated high-P T lepton (0 e + , 1 e − , 2 µ + , 2 µ − and 1 µ of undetermined charge) together with evidence for undetected particles carrying transverse momentum.
The total yield of events with one isolated high-P T lepton which is expected from SM processes is 2.4 ± 0.5 in the e ± channel and 0.8 ± 0.2 in the µ ± channel. The main contribution is due to W production, estimated in leading order to be 1.7 ± 0.5 and 0.5 ± 0.1 events respectively. The electron event and one of the muon events are found in a region of phase space likely to be populated by W production. Another muon event can, within its large measurement errors, also be accommodated in a W interpretation. The kinematic properties of the remaining three muon events, together with the overall rate excess in the muon channel, disfavour an interpretation of these events within the SM processes considered. 
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Figure 5: Distribution of events in P X T and M lν T : a) electron channel; b) muon channel. The crosses indicate the 1-sigma uncertainty on the measured kinematic parameters of the six observed events (for event MUON-5 the 2σ lower limit for M lν T is shown). The dominant SM contributions (dots for W production, open circles for photon-photon processes in the muon channel) are shown for an accumulated luminosity which is a factor 500 higher than in the data. In the muon channel no significant contribution is expected at P X T < 25 GeV because of the P calo T cut in the selection procedure.
